Vegetation dynamics could lead to changes in the global carbon and hydrology cycle, as well as feedbacks to climate change. This paper reviews the response of forest dynamics to climate change. Based on palaeoecological studies, we summarized the features and modes of vegetation response to climate change and categorized the impacts of climate change on vegetation dynamics as three types: climate stress on vegetation, buffer effects by non-climatic factors, and perturbation of the vegetation distribution by stochastic events. Due to the openness of the vegetation system and the integrated effects of both climatic and non-climatic factors, the vegetation-climate relationship deviates far from its equilibrium. The vegetation distribution shows a non-linear response to climate change, which also makes it difficult to quantify the modern vegetation distribution in terms of specific climatic factors. Past analog, space-for-time-substitution and Dynamic Global Vegetation Models (DGVMs) are three approaches to predicting the future vegetation distribution, but they have all been established on the assumption of vegetation-climate equilibrium. We propose that improving DGVMs is a future task for studies of vegetation dynamics because these are process-based models incorporating both disturbance (e.g. fire) and the variability in Plant Functional Types (PFTs). However, palaeoecological results should be used to test the models, and issues like spatial and temporal scale, complexity of climate change, effects of non-climatic factors, vegetation-climate feedback, and human regulation on vegetation dynamics are suggested as topics for future studies. . Will global warming lead to the expansion or decline of forests in the future? Will measures taken to address climate change concerns, such as the forestation of grasslands, successfully expand the distribution of the forest or have the reverse effect? These scientific and practical questions have been the focus of extensive discussion in the scientific community [5] . In China, for example, as an adaptation to climate change, the area covered by forest will increase from the current 20% to 23% in 2020. Due to the lack of physical space in the wet climate zone, much planting is taking place in the current forest-steppe ecotone [6] . Will the future climate benefit forests in the current forest-steppe ecotone? To answer this question we need to make accurate predictions of future climate forcings of vegetation dynamics. Vegetation dynamics in the past and present are critical to predictions of vegetation response to climate change in the future [7] . Through a review of previous work, we have attempted to summarize the general principles and modes of vegetation response to climate change, and to explore how to accurately predict climate-induced changes in vegetation under the future climate change scenarios.
Forest and steppe are two predominant vegetation types, with forest occupying about one third of the land surface. Changes in the distribution of vegetation have strongly affected not only the earth's carbon balance [1, 2] and water cycle [3] , but also the feedback between vegetation and climate change [4] . Will global warming lead to the expansion or decline of forests in the future? Will measures taken to address climate change concerns, such as the forestation of grasslands, successfully expand the distribution of the forest or have the reverse effect? These scientific and practical questions have been the focus of extensive discussion in the scientific community [5] . In China, for example, as an adaptation to climate change, the area covered by forest will increase from the current 20% to 23% in 2020. Due to the lack of physical space in the wet climate zone, much planting is taking place in the current forest-steppe ecotone [6] . Will the future climate benefit forests in the current forest-steppe ecotone? To answer this question we need to make accurate predictions of future climate forcings of vegetation dynamics.
Vegetation dynamics in the past and present are critical to predictions of vegetation response to climate change in the future [7] . Through a review of previous work, we have attempted to summarize the general principles and modes of vegetation response to climate change, and to explore how to accurately predict climate-induced changes in vegetation under the future climate change scenarios.
Spatiotemporal scales of vegetation dynamics and the corresponding research methods
Research into vegetation dynamics is an essential part of biogeography, an interdisciplinary field of study that has developed over the course of more than a century, from the conventional "study of the geographical distribution of plants, animals and other organisms" [8] to "the study at all possible scales of analysis of the distribution of life across space, and how, through time, it has changed" [9] .
At different spatial and temporal scales, vegetation dynamics are determined by different driving forcings, and the internal response modes of vegetation systems are also different. At seasonal time scales, wind, erosion, landslides, flooding, earthquake and drought events can change the species composition and structure in a plant community, thereby influencing internal process within the plant community, such as productivity, plant diseases and pest attacks. Fire generally occurs with an annual to decadal frequency, and contributes to vegetation dynamics by altering interspecific competition and initiating forest gap dynamics. Human-induced secondary succession processes in the plant community occur at a centennial scale, whereas climateinduced species migration occurs at a millennial scale. On a time scale of ten thousand years, the evolution of ecosystems is triggered by glacial-interglacial cycles (Figure 1 Research into vegetation dynamics is therefore carried out using different methods to investigate phenomena at different temporal and spatial scales. Studies into dynamic vegetation processes occurring over short time scales (1-10 years) are mainly based on long-term observation and control experiments [12, 13] and on remote sensing data such as aerial photos and satellite images [14] . Processes occurring over medium time scales (100-1000 years) are mainly investigated using evidence from tree rings and historical literature [15] . Research into processes over longer time scales (1000-10000 years) mainly relies on evidence from plant macrofossils and pollen [1] (Figure 1(c) ).
Both the dominant forcing and the vegetation response span a range of spatial and temporal scales. At large spatial and temporal scales, the dynamics of vegetation distribution represent a significant biogeographical process, and this article therefore focuses on patterns and processes at large scales.
Response of forest distribution to past climate change

Modes of vegetation response to past climate change
Sediment pollen assemblages have often been used in previous studies to reconstruct the paleoclimate by means of transfer functions between surface pollen and climate. It is hard to avoid a circular argument when investigating the response of vegetation to past climate change because both the vegetation and the climate are inferred from the same pollen database [16] . In recent years, an increasing number of high resolution palaeoclimatic datasets have been developed from proxies other than pollen, such as oxygen isotopes from ice cores and stalagmites, thereby modifying the global and regional temperature curve [17] . The emergence of these independent datasets is helpful for the accurate modeling of vegetation response to past climate change.
Quaternary Ecology (also called Quaternary Paleoecology), which has developed from the conventional field of Palynology, investigates the mechanisms of vegetation response to past climate change [10, 16] . In recent years, the following findings have been made in terms of the response of paleovegetation to paleoclimate change.
(1) High latitude mountains become a refuge for plants during glacial periods. Mountains in the low latitudes were suggested to act as a refuge for plants during the ice ages. Previous studies have commonly argued that forest in high latitudes in the northern hemisphere has spread gradually from a refuge in the low latitudes during the postglacial period. The implied species migration rate reached dozens to even hundreds of meters per year [18, 19] . This rate, however, was suggested to be unachievable by recent studies [20] . An alternative to this high migration rate is the preservation of forest refuges in northern Europe and [10, 11] ). For details please refer to text. northern North America (e.g. Alaska) even during the Last Glacial Maximum (LGM) [20, 21] , suggesting that forest could inhabit high latitudes during the LGM under special topographical conditions [22] . Mountains in northern China, such as the Taihang Mountains, and the Greater Hinggan Mountain in the Changbai Mountains, were also suggested to be refuges for trees in the LGM period because of their topographic characteristics [23] .
The above conclusions were drawn from a combination of paleoecological and genetic studies [21] . It can be difficult to identify exact locations for the occurrence of plant species because of the long distances over which pollen is transported. Mitochondrial DNA is maternally inherited and transmitted only through locally dispersed seed, and is thus able to indicate the local occurrence of plant species [21] .
(2) Cycle of vegetation evolution at mid-latitudes. A circular evolution mode was first suggested for the evolution of climate, soil and vegetation for mid-latitudinal deciduous broadleaf forest regions in Europe and North America, with the following characteristics: (1) an initial increase in temperature followed by a gradual decrease during the transition from a glacial period to the peak of an interglacial period, (2) fresh soil changed from basic to acidic due to long-term nutrient leaching after glacier retreat, (3) the vegetation characteristics shifted from dominance by non shade-tolerant species to dominance by the shade-tolerance species, as represented in a four-stage-model dominated by birch, oak, pine and grassland in turn. Despite the differences in species composition between plant communities, the overall evolution process was similar in different regions [24, 25] .
This cyclic pattern of evolution was validated by studies of vegetation evolution on sand soil in different regions of the globe, which showed that phosphorus leaching limited the development of forest soil in the sand [26] . Unlike nitrogen, which is regenerated biologically, phosphorus was unable to regenerate, and its loss from the soil led to a change in the proportion of bacteria and fungi in the soil, and eventually the effectiveness of the nutrients declined [26] . Increasingly severe nutrient limitation drove the replacement of broad-leaved forest by coniferous forest, and then by grassland [25] .
However, the above model is only suitable for the humid climate region that has obvious temperature variations. Located in a water-stressed region, the vegetation succession pattern of the forest-steppe ecotone in north China during the Holocene also showed four stages dominated by birch, oak, pine and grass [27] , but the mechanism of the evolution was not exactly the same as that of the above-mentioned vegetation cycles on sandy dunes. Control of hydrological and thermal conditions by the East Asian summer monsoon intensity was critical for vegetation evolution in China [28] [29] [30] . After the middle Holocene, vegetation susceptibility to precipitation change increased, while sensitivity to temperature was lost, leading to increased drought stress.
Due to the increase in drought severity, the dominance of oak was gradually replaced by more drought-tolerant pine species, which in turn were eventually replaced by the grassland vegetation [27] . Vegetation evolution during this period was relatively similar to vegetation changes driven by drought in other regions, such as the Mediterranean [31] and the African Sahel region [32] .
(3) Individualistic response of different plant groups. Based on palynological research, Davis firstly suggested an individualistic response of plants to the past climate change [33] . Not only plant species, but also ecological species groups or plant functional groups (for example, trees and herbs) also showed similar patterns of response to past climate change [22] . Grassland vegetation responded rapidly whereas forest response was lagged, showing more stability and hysteresis in the forest relative to the grassland. The change in forest distribution was a slow process, due to the long life span of trees, whereas grassland distribution might show a rapid response due to the prevalence of annual and biennial grassland plants [10, 22, 33] .
Individualistic responses of different plant groups mainly occurred in the transitional stages of climate. A review of Late Quaternary vegetation history in North America showed that different plant species responded to climate change individualistically at the millennial time scale. The distribution and composition of vegetation did not show evident change during the LGM (21000-17000 a BP) and the mid-to late-Holocene (7000-500 a BP), but in the lateglacial period and the early Holocene (16000-8000 a BP) and the most recent period, changes have been morre obvious. Changes in species distribution were mostly reflected by individualistic changes in species abundance and distribution. In addition to the northward movement of most species, there was also migration in the east-west direction [34] . Review of the Holocene vegetation evolution in China showed that changes in the composition and distribution of vegetation occurred mainly in the early Holocene when climate changed from cold to warm, and at about 4500 years BP when climate changed from wet to dry [30] .
Individualistic responses of ecological species groups or plant functional types may lead to the extinction of some vegetation types present in the historical record. This community type, referred to as "no-analog" or "no-modernanalog", appeared in the transitional climate periods. The migration of some plant species was unable to keep up with fast climate change. Due to the different migration rates, the time lag between climate change and migration varied between species, and the plant community may have become restructured [35] . For instance, Fagus-Tsuga and PiceaAlnus-Betula appeared in the early Holocene in North America and still exist at present, while some forest types present in the late-glacial (such as Picea-CyperaceaeFraxinus-Ostrya/Carpinus) have disappeared [34] .
(4) The cumulative effects of climate change and the lagged response of the vegetation. Forest showed a greater resistance to climate change. For short-term climate fluctuations, forest dynamics may be characterized by changes in growth, canopy density, and patch size. As a result of the existence of refuges and seed banks, the original vegetation types had strong flexibility and resilience, thereby resisting changes in vegetation types. Only in a quite long period of accumulation under the influence of climate processes, did the forest type ultimately change [36, 37] .
Due to the cumulative effects of climate change, there was commonly a time lag in the vegetation response. The length of the lag in some areas could reach hundreds of years, even one thousand years: for example, the first appearances of pioneer species and climax species in the plant community in the early Holocene differed by 4000 years or even longer [38] . Unstable climate in the early Holocene led to the blooming of pioneer species, while in contrast, climax species became established only when climate was relatively stable [38] . In the Sahel region in Africa, for example, while the climate drying trend has been gradual for nearly 6000 years, the forest was not replaced by grasslands until only about 4300 a BP [32] . It should be noted that forest fragments of low density or small size are sometimes undetectable by pollen evidence, so the time-lag may thus be overstated [39] . Instead of climatic stress, the wide expansion and retreat of forest may be related to strong disturbances, such as fire, pest attack and disease. In a sense, the lagged vegetation response may be due to the cumulative effects of climate change that have led to an increasing frequency of disturbances [40] .
The time lag of vegetation response to climate change implies that vegetation and climate are not completely in equilibrium, and that vegetation response to climate change might not be linear, but rather controlled by some thresholds. If other biological and non-biological factors work together, inertia and irreversibility may have a control on the long-term response of vegetation to climate change [40] .
The role of environmental factors in the response of vegetation to climate change
(1) Stress of climate factors. The impact of climate change on vegetation is mainly in the form of long-term stress. In periods with relatively stable climate, such as in the LGM and the mid-Holocene, climate was relatively stable, although vegetation had also been stressed by climate during these two periods. However, relative to the climate transitions, vegetation is more stable under a stable climate [29] .
It has been argued that the current global pattern of vegetation is not dominated by the current climate pattern, but instead is determined by the amount of climate change since the Holocene [41, 42] , demonstrating the effects of the magnitude of climate change on species distribution. In the forest-steppe ecotone in north China, for example, larger interannual precipitation fluctuations provided less stable habitat conditions, allowing pioneer communities to exist for a long time because of their more competitive advantage over stable climax communities. This explained the longterm occurrence of birch forest as a pioneer community in this region since the start of the Holocene [43] . The longterm existence of the pioneer community could also improve the ability of regional vegetation to adapt to climate change. When climate changed quickly, fast-growing pioneer communities expanded rapidly, with a smaller migration distance, so the overall pattern of regional vegetation was characterized by the shifting of different forest types, while the distribution of forest boundaries might not have changed so clearly [38] .
(2) The buffering effect of non-climatic factors. On the global or regional scale, climate change has been commonly regarded as critical to vegetation dynamics. But on a regional scale, environmental factors other than climate, such as soil, topography, biology and human activity, and many other factors, have also affected vegetation, and further led to the nonlinear response of vegetation to climate change.
Plant growth mainly depends on soil water and nutrients. In different parts of the world, the soil water and nutrients affect the dynamics of vegetation in different ways. On the other hand, soil development is also affected by vegetation dynamics at millennial time scales [44] . In areas with strong soil water fluctuations, such as in the boreal zone, the inland arid areas and alpine regions, vegetation dynamics are most vulnerable to the influence of soil moisture. The extensive distribution of wetland ecosystems determined microclimate in the boreal zone and prevented climate warming from melting of the permafrost, so that the relationship between melting of permafrost and climate warming become very complicated [45] . Influenced by complicated spatio-temporal patterns of the thawing permafrost, the forest-prairie ecotone in the north of the Great Plains of North America has experienced frequent changes, especially changes in the proportion of forest and grassland at the local scale [44] . In arid areas, vegetation degradation has accelerated soil erosion, and loss of the fine particles in the soil has altered soil permeability and water retention ability, and reduced the effectiveness of the nutrients in the soil [46] . In the forest-steppe ecotone of north China, soil desertification and the vegetation coverage decline often covaried [47] . Alpine soil development was usually very weak, and the soil water retention ability was poor. Although climate warming benefited the upward movement of the upper timberline, the lack of available soil moisture might have caused a delay in vegetation response to climate change. Similarly, in east Switzerland, Norway spruce settled after suitable climatic conditions had prevailed for 3000 years, while in the west Switzerland the time lag reached 6000 years [48] .
Complicated topographical conditions created diverse local microenvironments through the redistribution of precipitation, radiation, wind activity, soil properties, and water vapor transmission [49] . In this mosaic of various habitat types at the regional scale, some served as a refuge for spe-cific vegetation types under rapid climate change, allowing them to survive through the extreme climate period. With subsequent climate amelioration, short distance seed dispersion from the refuge and fast vegetation succession created a topography-controlled mosaic pattern of vegetation patches with strong resistance and stability to climate change.
Biological interactions contributed to vegetation evolution mainly by influencing the germination, establishment and interspecies competition and plant community succession. Animals were the main carrier of plant propagules, for example nuts of oak (Quercus) and hazelnut (Corylus), and of selected plant species through the ingestion of their propagules [50] . Accidental events in the past were suspected to cause the migration of nut trees from south to north: for example, nuts of North American beech (Fagus sylvatica) were carried over the great lakes by birds [10] . Climate change drove the migration of animals, which further led to the spread of the plant seeds they liked to eat. However, this has been doubted in recent studies. It has been argued that plant propagules were preserved in areas covered by ice during the ice age. Due to rising temperatures and melting glaciers in the late-glacial, the sprouting propagules of plants formed new individuals within a short period. The south to north migration of plants as indicated by pollen evidence could actually be a result of the eventual germination and establishment of formerly ice-covered propagules exposed by glacial retreat [40] . Animal populations also play an important role in maintaining vegetation structure, for example the reduction of the number of animals in the forests may affect the shifting of the oak forest to beech forest in Europe [51] .
In summary, the buffering effect of non-climatic factors was negligible at the regional scale, as was also demonstrated by forest relicts in some specific habitats [27] . The different mechanisms of non-climatic factors should be stressed: while the little-changing topographical factors regulated vegetation dynamics with negligible feedback, interactions between plants and animals, and between vegetation and soil, have always been shifting.
(3) Disturbance events. Relative to the long-term stress from climate, disturbance events have been one of the direct causes of the rapid changes of vegetation distribution. Fire, plant diseases and insect pests all affect the distribution of the forest.
During climate deterioration, plant diseases and pest attacks occurred readily, which resulted in the degradation and even disappearance of forest [52] . A large number of examples have shown that plant diseases and pests have been the direct cause of large-scale forest recession, such as the elm decline 5000 years ago in Europe [53] . Fungi and insect dynamics, on the other hand, could have a positive influence on vegetation. Propagules of plant species reached the bare land after glacier retreat, relying on the early arrival of fungi to absorb arid soil nutrients [54] . The relationship between the species migration and fungi has also been confirmed by modern ecological evidence [55] . Phenological changes caused by climate change may have had an important impact on insect pollination [56] .
Fire is the product of climate drying, but the outbreak of fire also needs vegetation that can provide enough fuel. A large number of instances show that the fire was the direct cause of vegetation advance and retreat. A climate-fuel-fire cycle model has allowed the Holocene vegetation to maintain the forest-prairie ecotone in the northern Great Plains of North America for a long time period. The cycle of forestor prairie-dominance has been sustained for 160 years. When the climate was dry, the vegetation was dominated by grassland rich in fuel; the greater frequency of fire in turn cleared grassland and contributed to the spread of the forest [57] .
Due to the different roles of climatic factors, nonclimatic factors and disturbance events, the forest distribution did not shift completely synchronously with climate change and instead showed a nonlinear response: when the climate changed, vegetation composition did not quickly reach equilibrium with the new climate conditions. Affected by non-climatic factors, the response of vegetation to climate change showed stages of change related to temporal and spatial scales. Although extreme events could lead to the growth, decline or even death of a plant, regional forest dynamics might have been characterized by patch dynamics for a longer time scale due to regional topography and soil buffering, and the existence of relict forest patches, germination of the originally retained seed, and effects of various biological factors. The shift of forest boundaries over a larger area scale required larger and more frequent disturbance events that occurred only under long-term climate trends.
Is the current climate change altering the distribution of the forest?
Transitional vegetation types or the transitional zone of different vegetation types are most sensitive to climate change, so the current expansion and shrinkage of forest due to climate change is mainly concentrated in the transitional zone.
Although there are a large number of reports about the upward movement of the alpine timberline and northward movement of the Arctic timberline [58] , these results were not free from the influence of their sampling methods. The sample-total method showed that there has been no increase in the alpine timberline on the southeastern Tibetan Plateau during the past one hundred years [59] . Based on North American forest survey data analysis, it was also found that in North America, the main tree species did not move northward with climate warming [13] . Compared with the previous selective sampling approach [60] , the above research based on the sampling-total method provided an accurate age structure of the plot, therefore it was more relia-ble for examining changes in forest distribution.
The prairie zone of North America, and other regions dominated by grassland, were invaded by woody plants [61] . However, a review of previous reports of forest die-off indicated an opposite trend, whereby forest decline and die-off mostly occurred in the forest-grassland transitional zone [62] . The invasion of grassland by woody plants was mainly related to overgrazing, while forest die-off near the dry timberline was mainly the product of climate drying [63] . There was, however, no evidence that long-term climate stress directly led to a visible change of forest distribution [64, 65] .
Prediction of the future forest distribution
Main approaches to predicting the future forest distribution
Conventional studies of vegetation geography have mainly focused on forecasting of the Potential Natural Vegetation (PNV), according to the current climate, soil, landforms, vegetation characteristics and succession rule of vegetation, to infer the future development of vegetation [65, 67] . In recent years, with the deepening understanding of future climate change, vegetation dynamics predictions for the future have gradually shifted towards vegetation dynamics driven by climate change in different future climate change scenarios.
The study of past analogs is one way to predict future forest distribution. It has been commonly accepted that forest distribution during the mid-Holocene dry period can be used as analog of warming-induced forest distribution in the future [68] .
Space-for-time-substitution is another commonly used approach. It uses the current vegetation present in warmer areas as an indication of the future vegetation under climate warming, equivalent to a displacement in the vegetationclimate diagram [69] . The conventional model of biogeography was in fact a space-for-time-substitution approach [70, 71] .
During recent years, mechanism models such as Dynamic Global Vegetation Models (DGVMs) integrating a biological geography model and biogeochemical model have been established. These reflect the forest-gap model of plant community succession and have drawn increasing attention. These models use plant functional groups to indicate regional vegetation composition, through modeling the climate limits of a proportion of plant functional groups to assess vegetation dynamics. The Lund-Potsdam-Jena model is the most commonly used DGVM for predicting vegetation distribution changes [72, 73] .
As yet there has been very limited work on the reconstruction of past forest distribution or the prediction of future forest distribution at the global and regional scales. Prentice et al. reconstructed forest distribution at the global and regional scales using the BIOME model [74] , but the reconstruction was limited to the Last Glacial (18 ka BP) and the mid-Holocene Megathermal (6 ka BP) owing to a data shortage (Figure 2(a) ). The statistical relationship between pollen composition and vegetation types was adopted in this model, therefore this method essentially adopted the modern analogy method. Compared with the current forest distribution, there were more forests distributed during the Holocene Megathermal in northern high latitudes, central and western regions of North America, and North Africa. A simulation using the LPJ-DGVM forecasted that future changes in the forest distribution will be concentrated in the high latitudes, where there will be a northward spread, but with no significant change in the low latitudes [75] (Figure  2(b) ). At the regional scale, the simulation results varied among different models.
The limitations of future predictions based on modern analogs
Although past and future climate changes may share similar magnitudes, there are still deficiencies in the use of past climates as analogs for the future. The rate of climate change caused by rising concentrations of greenhouse gases might be higher than that during any period of the Holocene [78] . In addition, modern human activities lead to environmental pollution and landscape fragmentation, which are regarded as new disturbances. All these bring greater uncertainty into the future global change predictions [1] .
Simply using the temperature analogy for the prediction of future forest distribution ignores the role of factors other than temperature on vegetation dynamics. In the interior of the Great Plain region of North America, past environmental change was totally different from that of modern times because of the larger difference in insolation between summer and winter, the effect of the Laurentide ice sheet and the influence of dry lake Agassiz. During the Holocene, the local scale vegetation response factors strongly affected the initiation time and rate of climate drying at a specific location, and only a third of the samples showed a prompt response to climate drying [80] . Therefore, it was reasonable to suspect that due to the combination of different environmental factors it is not necessarily possible to find an analogy from the past to predict the vegetation in the future.
Paleoecological evidence has shown that disturbance events have commonly been the determinant of the changing forest distribution. However, disturbance events in the past varied with climate pattern (such as seasonal differences) and human activities, so it is unreasonable to use the past to predict future changes. In northern Minnesota, USA, the mid-Holocene (about 8000-4000 a BP) experienced obvious climate drying. However, the vegetation response and climate drying were not synchronous [81] . In the later Middle Holocene, while soil moisture was increasing, prairie remained the dominant landscape type, likely owing to Figure 2 The temperature of the past, present and future, and the change in forest distribution. (a) The distribution of global forest reconstructed from the sediment pollen assemblages [73] . The scope of the red line represents the forest distribution, this is not marked in the southern hemisphere due to a lack of data. (b) The distribution of forest in the past, present and future in the northern hemisphere. Past vegetation boundaries follow those in (a). The modern forest distribution is from remote sensing data [76, 77] , the different colors indicate different types of forest coverage; the future forest distribution LPJ model simulation was presented after [75] . (c) Temperature anomaly of the entire world and in China relative to the 1961-1990 temperature, and future climate predictions based on models [78] . The blue shadow area shows the global average [17] , and black lines show China's regional Holocene temperature change [17] . It is predicted that the temperature in 2100 may be higher than that during any period of the Holocene epoch [17] .
the limitation of forest expansion by high fire frequency. The asynchronous response of vegetation to climate change showed that using the mid-Holocene vegetation conditions as a proxy for the response of vegetation to future climate warming was likely to have a large uncertainty, due to the lack or complete absence of fire at present [82] .
"No modern-analogs" implies that future vegetation might be totally different from that in modern times, and movement of the forest boundary is only one of the possible responses of vegetation to climate change. Savannification with decline in forest cover is another possibility [83] . Individualistic responses of plant species to climate change could lead to changes in the vegetation composition, but may mask climate change signals in the vegetation structure.
The limitations of space-for-time-substitution
Space-for-time-substitution is a simple extrapolation based on the current vegetation-climate relationships. The current hydrological and thermal conditions are used to describe the modern vegetation distribution, then predict vegetation change by using these conditions as model input [84] . This kind of empirical biogeographical model was established based on four assumptions: first, vegetation and plant species are in equilibrium with the present climate and will remain so in the future; second, the relationship between vegetation and climate would not alter with climate change; third, the selected climatic variables were considered to be deterministic with respect to the vegetation distribution, and no other variables were taken into consideration; fourth, the ecological niche of species was set as constant. Box first developed a quantitative model for terrestrial vegetation distribution at a global scale by dividing global plants into 41 life forms and choosing eight predictable climate variables (average temperature, mean monthly temperature of the warmest month, annual average temperature, annual rainfall, annual humidity index, highest monthly average precipitation, mean monthly precipitation, and the average rainfall of the warmest month) [70] . The model was validated and simulated for 65 single locations. The model has been further improved through many single point simulations: for example, Emanuel divided the Holdridge life zone [85] according to the global climate data of 8000 stations, and predicted a 37% and 32% reductions in the areas of coniferous forest and tundra, respectively, and an increase in the area of grassland under future climate warming [71] .
Although it is easily to operate to models of vegetation distribution and predict changes based on hydrological and thermal conditions, this approach has obvious limitations: first of all, only a small number of indicators (such as temperature and annual precipitation) were used to describe large scale vegetation landscapes, and it was thus hard to describe complicated regional vegetation pattern and process, especially the relationship between extreme climate events and vegetation patterns that have so for been not very clear [86] . Second, from the perspective of the process of vegetation evolution, the current hydrological and thermal conditions are unable to fully describe the vegetation distribution pattern because of the buffering of non-climatic factors, especially in the arid regions. Most vegetation types use water directly from the soil [87] . Besides being subject to precipitation, soil moisture content is influenced by factors such as soil texture and topography [88, 89] . For the tree-grass coexistence in the tropical savannahs, the trees mainly absorb water from the lower soil layer whereas herbs absorb water from the upper soil layer, known as the "two layer model" of soil water use [90, 91] . Third, plant growth and reproduction are biological process regulated by biotic factors as well in addition to climatic factors Due to the lifespan of the forest of hundreds of years, there has so far been no suitable indicator that covers the complicated dynamic process. The hydrological-thermal conditions are unable to represent the succession processes of vegetation; for example, the overlap in the distribution of pioneer species and climax species cannot be represented solely by climatic factors. In northern China, birch (Betula platyphylla) and oak (Quercus spp.) forests usually overlapped their climate niches [80] . Also, the location of relic plant communities in the vegetation-climate diagram might beyond the normal ranges for their types, such as relic forests on sandy dunes in the Inner Mongolia grassland [43] . Finally, species' real niches been changing since the Holocene, while in contrast the fundamental niches have been remained constant [84] .
Past studies often linked the boundaries of different vegetation types to climate limits, and have tried to use a particular climate threshold to indicate the distribution of vegetation boundaries: for example, the annual rainfall of 400 mm was often thought to be boundary between humid and arid climates, as well as the boundary between the forest and steppe distribution. Because the polar timberline and alpine timberline are limited by temperature, some warmth indices have been used to indicate the position of the timberline, for example the highest monthly average temperature's 10°C, 11°C or 12°C isotherm, or the daily highest temperature's 15°C isotherm for the warmest month, or a frost-free period of 90 days [92] . For both the forest-steppe ecotone and the alpine/polar timberline, these indicators only roughly indicated timberline position. Under the effects of topography, soil, and the influence of different plant competition between groups, as well as the feedback of local microclimate on vegetation, the timberline usually shows a wide or narrow ecological transition zone instead of a line [94] . In addition, there are very few meteorological stations located in timberline areas, such that climate indicators near the timberline have commonly been interpolated using a temperature lapse rate, yet the complicated pattern of microclimates near the timberline is hard to be model [95] .
Problems and challenges of dynamic vegetation models
DGVMs developed during the last 20 years have taken into consideration the main processes of vegetation dynamics, fire disturbance and the different responses of plant functional groups to the climate change [72, 73] . Simulation results by LPJ-DGVM showed that, under the scenarios of future climate change, showed the forest distribution did not decline or expand widely, and instead the changes were indicated by growth (such as the increase of biomass), and tree species replacement (such as the deciduous species replaced by evergreen trees) and so on [75] . While the DGVMs were more reliable than empirical biogeography model, there were still the following limitations:
First, the DGVMs were established assuming a vegetation-climate equilibrium [72] . As a matter of fact, the vegetation-climate equilibrium required the rate of vegetation change to match that of the climate change [96] . A prediction of boreal forest showed that, if forest vegetation and climate were in equilibrium, the rate of northward movement of coniferous forest should be up to 17-50 km per decade, far higher than the rate of 1-4.5 km per decade during the Holocene [96, 97] . Past forecasts did not consider the time-lag of vegetation response to climate change, or set a fixed time-lag, while in practice the time lag varies between different plant groups [96] .
Second, the DGVMs classified plant functional types according to their adaptation to environmental conditions (especially the climatic conditions). At global scales these groups are typically deciduous conifer, evergreen conifer, tree evergreen hardwood, deciduous hardwood, C3 herb, and C4 herb [98] . This classification has mainly considered the adaptation of plants to climate, however, without considering the succession relationships. For example, birch and oak belong to the same functional type, but birch appeared at the earlier stage of succession, while oak appeared at the later stage of succession.
Third, although the DGVMs belong to the process class of models, they have only established a few climate thresholds in vegetation dynamics. The LPJ model, for example, treated the soil as having two layers and 9 types all over the world, and parameterized the penetration rate and root distribution proportion for the two layers of each type [72] . In addition, vegetation succession was not considered in the model. In fact, pioneer species that can rapidly invade new habitat may not be able to exist for a long time, while climax species often take much longer to enter a new habitat [38] .
In summary, the prediction of vegetation response to future climate change has been far from adequate when con-sidering the openness of the vegetation system and the complexity of the relationship between vegetation and climate. Process-based models of vegetation dynamics are effective at predicting future vegetation dynamics. Based on the research achievements of studies predicting forest response to past climate change, and the complexity of the current relationship between vegetation and climate, the development of process-based models should proceed in the following directions, which should also be the focus of future research.
(1) Integrating different spatial and temporal scales: different driving forces and response modes of vegetation dynamics operate at different scales of space and time [10] . Most process-based models for vegetation dynamics have been designed at a global scale rather than regional or local scale. We suggest that incorporating driving forces and response modes at different spatial and temporal scales in models, and expanding single level models to multi-level models, should be the directions of future model development [99] .
(2) Considering the complexity of climate change: in predictions of the future, the complexity of climate change, such as climatic seasonality, has rarely been considered. Climate thresholds for vegetation response have been much simplified and thus need to be improved in subsequent model development [80] .
(3) Considering the effect non-climatic factors: the buffering effect of topography, soil characteristics and biological factors are one of the reasons for a time-lag in vegetation response to climate change, but the buffer effect has been considered only in the local scale models, and needs to be incorporated into regional or global scale models [100] .
(4) Considering the forest distribution-climate change feedback: the vegetation distribution pattern, especially the distribution of forest, feeds back into climate change [101] ; however, at present the feedback mechanism and patterns are still being explored [102] . This feedback needs to be reflected in future models.
(5) Including human modification on vegetation: when predicting the response of vegetation dynamics to future climate change, we must be aware that almost all vegetation has been modified by human activities. Human activities have not only transformed the structure of the vegetation, but have also regulated disturbance events that are critical to vegetation dynamics, for instance, intentional or unintentional fires started by humans in the past have caused changes in vegetation composition and structure. The response of vegetation to both strong human influence and climate change is still worth studying.
Conclusions
A review of vegetation responses to past climate change has shown that vegetation (especially forest) responds to climate change in a nonlinear manner. Due to the openness of the vegetation system, a combination of biological factors and non-biological factors pushes the relationship between vegetation and climate far from its equilibrium. The three main approaches to vegetation distribution predictions have been established assuming an equilibrium relationship between vegetation and climate. As improved forms of empirical biogeography models, DGVMs have incorporated the main vegetation dynamic processes, fire, and the response modes of different plant functional groups to climate change, but still need to take into account recent achievement in both paleoecological and modern ecological research. Spatial and temporal scales, the complexity of climate change, the role of factors other than climate, the feedback between forest distribution and climate change, and human regulation of disturbance events should all be incorporated into future models.
